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forest resilience, we applied the Ecological Dynamic Regime (EDR) framework, a
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Then, we evaluated how fire characteristics (severity), site attributes (exposure,
rockiness) and deviations in the distance to the niche core and edge of the burned
populations (centrality-marginality gradient) modulate their resilience to fire.

3. Over 50% of the burned plots exhibited large net change from their dynamic
regimes in the midterm, denoting poor resilience regardless of the species'
regenerative strategy, and transitioned to shrublands or a different forest type
after the fire.

4. Recovery and net change exhibited differences between the two studied species:
forests dominated by P. halepensis were overall more resilient to fire across the
study range, especially in moist sites, while burned P. nigra forests showed poor
recovery and large net changes after fire. For both species, forest location within
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5. In general, forests near their climatic niche core showed higher resilience

compared with those close to the dry edge of the niche.
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1 | INTRODUCTION

Fires are major natural disturbances that promote and accelerate the
renewal and change of plant community structure and composition,
influence carbon and nutrient cycles, favour some elements of bio-
diversity and play a crucial role in selecting adaptive traits (Bond &
Keeley, 2005; He et al., 2019; McLauchlan et al., 2020; Pausas &
Keeley, 2019). The evolutionary coexistence with fires has led plant
species in fire-prone ecosystems (e.g. Mediterranean-type regions)
to develop adaptations to resist or regenerate after fires (Keeley &
Pausas, 2022; Naveh, 1975), through germination (seeder species) or
regrowth from surviving tissues (resprouter species). However, fires
can also have detrimental effects on fire-adapted ecosystems when
their frequency, intensity and extent exceed the adaptive and recov-
ery capacity of the affected ecosystems (Kelly et al., 2020; Nolan
et al., 2021; Pausas et al., 2008).

There is growing evidence that climate change is altering fire
regimes (Grau-Andrés et al., 2024; Parks & Abatzoglou, 2020;
Turco et al.,, 2018), challenging the post-fire resilience of forests
(Coop et al., 2020; Le Breton et al., 2022), understood as the abil-
ity to recover their pre-disturbance structure and composition
(Holling, 1973). The pre-fire ecosystem state and the characteristics
of the fire largely influence post-fire resilience by determining bi-
otic legacies (e.g. seeds or bud banks) and the severity of the distur-
bance (Johnstone et al., 2016). Resilience also depend on the climatic
conditions following the fire and the climate requirements of the
affected species (Blanco-Rodriguez et al., 2023; Davis et al., 2019;
Karavani et al., 2018). Yet, there are still uncertainties on how pre-
and post-fire climate conditions modulate the post-fire resilience
across species biogeographical ranges considering a dynamic eco-
system perspective (Seidl et al., 2016). This is a pressing issue in the
context of changing climates (Pachauri et al., 2015), which may con-
strain recovery processes through direct climatic influences on eco-
system dynamics and by increasing climate-disturbance interactions
(e.g. fire and drought; Batllori et al., 2019; Turner & Seidl, 2023; Moss
et al., 2024).

The species climatic niche offers a powerful conceptual frame-
work for assessing the influence of climatic variability on eco-
system dynamics, incorporating the requirements of the species
(Lynch et al., 2014; Margalef-Marrase et al., 2020; Perez-Navarro
etal.,, 2021, 2024, Sexton et al., 2009). The climatic niche refers to

6. Synthesis. Our study reveals that post-fire forest resilience depends not only on
fire severity and fire characteristics but also on the climatic niche position of
the forests. As climate warms and the frequency and intensity of fires increase,
forest species will be pushed towards the dry edge of their climatic niches, likely

increasing their vulnerability.

ecological dynamic regimes, ecological succession, fire, Iberian Peninsula, Pinus halepensis,

the climatic environmental space within which a species is found,
encompassing the climatic distribution spanning from the distribu-
tion limits (niche edge) to the distribution optimum (niche core) of
species (Guisan & Thuiller, 2005; Perez-Navarro et al., 2022). This
framework has been successfully used to characterize the influ-
ence of pre- and post-disturbance climatic conditions on regener-
ation success after fire (Elvira et al., 2021, 2025), and to assess the
influence of the centrality-marginality of the affected populations
(i.e. distance to climatic niche core and edge) in response to other
abiotic and biotic disturbances (Jaime et al., 2022; Perez-Navarro
etal., 2022).

Ecosystems are constantly undergoing natural fluctuations, with
non-equilibrium and transient dynamics being of paramount impor-
tance in shaping ecosystem characteristics (Abbott et al., 2021).
Consequently, incorporating temporal and spatial variation in the
ecosystem state is key to assessing disturbance impacts on ecosys-
tem resilience (Hiers et al., 2012). Assessing changes between the
pre-disturbance state, the state immediately following the distur-
bance and the post-disturbance state (Lloret et al., 2011) requires an
explicit consideration of ecological dynamism. Defining ecological
trajectories in multidimensional spaces offers a suitable framework
to analyse ecosystem dynamics accounting for its heterogeneity and
variability (Sanchez-Pinillos et al., 2019). The Ecological Dynamic
Regime (EDR) framework (Sanchez-Pinillos et al., 2023, 2024) in-
cludes a set of analyses and metrics to assess ecological resilience as
the deviation of disturbed trajectories from their respective dynamic
regimes (Figure 1a). In this framework, an EDR is defined as a set of
trajectories in a multidimensional state space following similar dy-
namic patterns (e.g. temporal changes in species abundances) under
certain environmental conditions and in the absence of perturba-
tions. Then, the ecological resilience of disturbed trajectories is as-
sessed through three indices of amplitude, recovery and net change,
which quantify the deviation of the disturbed trajectory from a
representative trajectory of a reference EDR (Sanchez-Pinillos
et al., 2024). In this way, the EDR framework allows assessing re-
silience accounting for the fluctuations and variability of ecological
systems' dynamics.

Here, we assess the post-fire resilience of Mediterranean for-
ests from a climatic niche and EDR perspective, focusing on two
widespread Mediterranean pine species with contrasted post-fire
recovery strategies: Pinus halepensis Mill. (post-fire serotinous
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FIGURE 1 (a)Inthe EDR framework,
ecological resilience is evaluated

(a) Ecological resilience in the EDR framework
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seeder) and Pinus nigra J.F.Arnold (crown fire-sensitive species).
We selected two study areas in the Western Mediterranean Basin
(Eastern Spain) encompassing a climatic gradient and a broad
range of forest structure and composition, and where fire se-
verity and intensity have increased in the last decades (Alvarez
et al., 2024; Calheiros et al., 2021). First, we used the community
climatic niche approach (Perez-Navarro et al., 2024) to character-
ize pre- and post-fire climate conditions by determining the posi-
tion of the burned forests within the climatic niche (distance to
the niche core and edge) before and after the fire. Then, we ap-
plied the EDR framework (Sanchez-Pinillos et al., 2023, 2024) to
quantify the resilience of P. halepensis and P. nigra burned forests
using data from permanent plots of the Spanish National Forest
Inventory (SNFI) (Ministerio de Medio Ambiente, 1995, 2007;
Ministerio para la Transicion Ecoldgica y el Reto Demografico,

2024). Finally, we assessed how fire severity and the distance
to unburned forests, topographic exposure, soil rockiness, years
since fire, and pre- and post-fire climatic conditions influence the
resilience of these forests with contrasted recovery strategies.
Following the classical niche theory (Hutchinson, 1957; Maguire,
1973) and the ‘centrality-marginality hypothesis’ (Brown, 1984),
we hypothesize that, within the species' climatic niche, pre- and
post-fire proximity to the niche edge may hamper forest resilience
regardless of species' recovery strategy. Our hypothesis is based
on the lower physiological and demographical performance of
species close to the climatic distribution limits compared with the
distribution optimum (Csergé et al., 2017; Doak & Morris, 2010;
Perez-Navarro et al., 2022). This may be particularly relevant in
post-fire conditions, because seedlings and saplings are expected
to be particularly sensitive to climatic conditions (Grubb, 1977;

SUOIPUOD PUE S | 3U 885 *[9202/20/72] UO ARIGITBUIUD AB1IM ‘(PEPIUES 8P OLBISIUIN) UOKSIAOL [EUOTEN SUBILO0D UsiUeds Aq T9Z02 Sv/2-G9ET/TTTT OT/I0p/woo /3|1 ATeiq1pul|uo's euinosaq//sdiy woiy papeojumod ‘2 ‘9202 ‘Sv/2S98T

102" A3 Im A

85UB91 7 SUOWIWOD dAIIERID 3|qedt|dde ay Ag pausenob aie saiLe YO ‘8sn Jo sajni Joj Axiqiauljuo 4|1 Uo (Suonipucd-pue



CODINAET AL.

40f20 BRITISH
Egﬁg}gﬁw Journal of Ecology

Ordonez-Salanueva et al., 2021; Xu et al., 2022), leading to strong
climate-disturbance interactions (e.g. fire and drought) (Batllori
et al., 2019; Davis et al., 2019). Additionally, previous studies have
shown that post-fire responses can differ across climatic niche
space, supporting the application of the niche centrality-margin-
ality framework to fire ecology (Elvira et al., 2021, 2025).

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study area comprises Mediterranean areas of the Eastern
Iberian Peninsula (Figure 2a). Specifically, we have focused on the
regions of Catalonia and Murcia, where one pre-fire and two post-
fire successive forest inventories (SNFI), resurveyed approximately
every 10years, are available for sites affected by fires between 1991
and 1998 (Figure 2b).

(a)
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Although geographically close at the regional scale, Catalonia
and Murcia have notable differences in their climate and vege-
tation. Following Rivas-Martinez et al. (2017) the study plots in
Murcia are located in the semiarid meso-Mediterranean biocli-
mate, characterized by an average annual temperature range of 18
to 20°C and low precipitation, typically between 200 and 350 mm
per year. In contrast, the plots in Catalonia fall within the dry and
sub-humid meso-Mediterranean and the supra-Mediterranean
bioclimates. In Catalonia, temperatures vary more widely across
the region, with annual averages ranging from 14 to 18°C in
the zones with meso-Mediterranean bioclimate, and from 10 to
15°C in the supra-Mediterranean ones. Annual precipitation in
Catalonia is also more variable than in Murcia, ranging from 400
to 600mm in the areas with meso-Mediterranean bioclimate and
from 600 to 800mm in the supra-Mediterranean ones (Rivas-
Martinez et al., 2017). The general climatic conditions of the two
study regions influence the diversity and structure of the local
vegetation, contributing to their distinct ecosystem structure,
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FIGURE 2 (a) Study regions (Catalonia and Murcia) on eastern Spain. (b) Location of burned Pinus halepensis (green) and Pinus nigra (purple)
studied plots in the study region. (c and d) Pinus halepensis and Pinus nigra climatic niche inferred from their European distribution range (shaded
area) and position of the studied plots (points) within the species' climatic niche. Red and orange points correspond to P. halepensis plots located
in Catalonia and Murcia, respectively. In (c and d), the X-axis represents climate variables related to temperature and the Y-axis variables related
to precipitation; positive values indicate an increase in temperature or precipitation, and negative values indicate a decrease.
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composition and ecological dynamics. Murcia has a small forested
area (45% of the surface), compared with other regions of the
Iberian Peninsula, and low tree diversity (80% surface dominated
by Pinus halepensis). By contrast, Catalonia is one of the regions of
the Iberian Peninsula with the largest forest area (62% of the sur-
face) and greatest tree diversity (including forests dominated by P.
halepensis, P. nigra, Quercus ilex L., Pinus sylvestris L., Quercus pu-
bescens Willd., Quercus faginea Lam.; Ministerio para la Transicion
Ecolégica y el Reto Demografico, 2012, 2017).

2.2 | Study species

We focused on forests dominated by two pine species: P. halepen-
sis and P. nigra. These pine species cover most of the forest surface
affected by fires in the study regions, but exhibit distinct climatic
adaptations and occupy different parts of their climatic niches
across the study regions. In the case of P. halepensis, populations
in Catalonia are in the humid part of the species' climatic niche,
while in Murcia, they are in the most arid part (Figure 2c; see also
‘Climatic niche computation’ section below). In the case of P. nigra
in Catalonia, the species is located in two areas within the niche,
roughly corresponding to the zones with meso-Mediterranean and
supra-Mediterranean bioclimate (Figure 2d).

Pinus halepensis is a fire-adapted species that usually recov-
ers well after fire, generally contributing to highly flammable
vegetation (Fernandes et al., 2008; Ne'eman et al., 2004; Retana
et al., 2002). The post-fire recovery capacity of this species largely
depends on the abundance of serotinous cones, many of which
open with high temperatures, releasing abundant seeds (Espelta
et al., 2008) that may profusely germinate after fires. Despite this
adaptation, P. halepensis shows a great variability in post-fire suc-
cessful establishment due to, among other factors, water avail-
ability for newly established individuals (Pausas et al., 2004), seed
predation (Broncano et al., 2008) or competition (De las Heras
et al., 2002; Mendez-Cartin et al., 2024).

Pinus nigra is a Mediterranean mountain pine species sensitive to
crown fire that does not present adaptations, such as serotiny, to re-
cover after high-severity crown fires (Gil-Tena et al., 2016). However,
it has a thick bark that provides effective protection against low-
intensity surface fires, allowing adult trees to survive to such events
(Espinosa et al., 2020). This species is also vulnerable to drought con-
ditions (Camarero et al., 2013; Gomez-Aparicio et al., 2011), which
may further hinder its post-fire regeneration and ultimately reduce
its distribution across the Iberian Peninsula (Lloret et al., 2013;
Navarro-Cerrillo et al., 2018).

2.3 | Forestinventory and fire data
We used the last three editions of the SNFI dataset in Catalonia

and Murcia, consisting of three sequential surveys (SNFI2 1986-
1990, SNFI3 1999-2001, SNFI4 2010-2016; Ministerio de Medio
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Ambiente, 1995, 2007; Ministerio para la Transicion Ecolodgica y el
Reto Demografico, 2024). Surveys were performed using permanent
circular plots positioned at the intersections of a 1x 1 km? UTM grid
covering all forested areas of the study regions. Each SNFI circu-
lar plot encompasses four subplots from 5 to 25m radius, wherein
tree species are inventoried based on their identity and size charac-
teristics. For this study, SNFI data on species identity and diameter
at breast height (DBH) were considered for every living tree with a
DBH exceeding 7.5 cm within each plot.

Initially, and regardless of the plots' dominant tree species,
we selected a total of 266 plots for Catalonia and 77 for Murcia
that are comparable across the last three SNFI inventories and
where a fire occurred between SNFI2 and SNFI3. The fire georef-
erenced database (1985-2018) used to select the SNFI plots was
obtained from Alvarez et al. (2024). For each plot, we obtained the
following states: pre-disturbance (SNFI2), disturbed (SNFI3) and
post-disturbance (SNFI4), considering pre-disturbance and post-
disturbance periods that ranged between 1 and 9 years (time be-
tween the SNFI2 and the fire) and 14 and 25 years (time between
the fire and the SNFI4), respectively. To eliminate interferences
and when noted in the SNFI database, plots were not considered if
they originated from afforestation, if regeneration was not natural
after the fires, or when we detected mortalities greater than 20%
due to factors other than fire. We also excluded those plots in
which more than one fire occurred or other natural or anthropo-
genic disturbances interfered with the recovery process between
SNFI2 and SNFI4.

2.4 | Characterizing forest types

The initially selected SNFI burned plots (266 plots for Catalonia
and 77 for Murcia, see Section 2.3) were classified according to
their dominant tree species following the procedure described
in Sanchez-Pinillos et al. (2021). First, we determined the rep-
resentative species of burned plots by identifying the dominant
and co-dominant tree species on the basis of their relative abun-
dances in the plot, considering the basal area (BA) of adult trees
and saplings. The same procedure was applied to all (burned and
unburned) SNFI plots in the study regions (N=16,069 plots) to
assess those plots with a relative abundance >20% for at least
one representative tree species, or where the sum of the relative
abundances of the plots' representative tree species exceeded
50%. Finally, we employed a cluster analysis based on the dissimi-
larities in species composition to classify SNFI plots based on the
dominance of their representative tree species. To achieve this,
we constructed a symmetric squared matrix capturing the per-
centage difference (i.e. the Bray-Curtis dissimilarity) between
all plots and surveys using species BA as the abundance variable.
Subsequently, we used the algorithm Partition Around Medoids
(PAM) (Kaufman & Rousseeuw, 1990) to classify each SNFI sur-
vey. The optimal number of clusters (i.e. forest types) in the range
from 2 to 10 was selected using the Silhouette analysis (Kaufman
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& Rousseeuw, 1990). We made the process separately for the
two study regions. The clustering procedure allowed us to retain
burned plots dominated or co-dominated by P. halepensis (67 in
Murcia and 76 in Catalonia) and P. nigra (115 in Catalonia). Those
plots encompass a total of 19 different tree species (Appendix S1:
Table S1).

2.5 | Climatic niche characterization and position
in niche space

To characterize the climatic niche of the 19 tree species present in
the burned plots (dominated by P. halepensis and P. nigra), we used
their European geographic distribution and inter-annual climatic
variability extracted from their spatial locations. Species occur-
rence data were collected from EUForest (Mauri et al., 2017) with
occurrences ranging from 156 to 75,720 among species, consid-
ering a 1km pixel spatial resolution. Climatic data were obtained
from CHELSA (Brun et al., 2022; Karger et al., 2017): biol (mean
annual air temperature), bio4 (temperature seasonality), bio5
(mean daily maximum air temperature of the warmest month),
bio6 (mean daily minimum air temperature of the coldest month),
bio10 (mean daily mean air temperatures of the warmest quarter),
bioll (mean daily mean air temperatures of the coldest quarter),
bio12 (annual precipitation amount), bio13 (precipitation amount
of the wettest month), bio14 (precipitation amount of the driest
month), biol5 (precipitation seasonality), biol6 (mean monthly
precipitation amount of the wettest quarter), biol7 (mean monthly
precipitation amount of the driest quarter), bio18 (mean monthly
precipitation amount of the warmest quarter), PET (mean annual
potential evapotranspiration) and VPD (mean annual vapour pres-
sure deficit).

For each location of the species occurrence datasets we ex-
tracted yearly climate values from 1979 to 2010, rather than using
average values for the entire period, to incorporate the inter-annual
variability in the environmental conditions experienced by the
species (Perez-Navarro et al.,, 2021). We then employed principal
component analysis (PCA) to transform the standardized environ-
mental data encompassing the 15 bioclimatic variables into a two-
dimensional climatic space, defined by the first and second principal
components. This PCA incorporated climatic data from each year
across all occurrence sites for all 19 species. Together, the first and
second principal components explained 75.5% of the variability of
the original variables, with the first axis (49.4%) mostly representing
temperature-related variables and the second axis (26.1%) repre-
senting precipitation-related variables (Appendix S1: Figure S1).

To characterize the climatic niche of each tree species included
in our analyses, we calculated the density of their occurrences within
the PCA climatic space using kernel density functions (Broennimann
et al., 2012; R package ks, Chacén & Duong, 2018). Then, we esti-
mated the position of the niche core or optimum, defined as the cen-
tre of gravity of the species niche (assuming that it is the point with
the highest density of occurrences), and of the climatic niche edge or

limit, set at the 0.05 lowest percentile of occurrences density (Perez-
Navarro et al., 2022).

The inter-annual climatic variability of each SNFI plot reflecting
climatic conditions before and after the fire event was also translated
into the species climatic niche space. Specifically, we considered two
time periods: midterm (10years window) before the fire, and imme-
diate (3years window) before and after the fire. Subsequently, for
each species in each plot and for all years within the pre- and post-
fire periods considered, we computed the Euclidean distance to: (1)
the climatic niche core and (2) the closest point of the niche edge of
the respective species. We classified species' occurrences based on
their placement ‘inside’ or ‘outside’ of the species climatic niche, with
negative distance being assigned to ‘outside’ occurrences.

To derive climatic niche indices (distance to niche core and edge)
at the plot level, we calculated the tree community weighted dis-
tance to the climatic core (DCC) and edge (DCE), weighting the niche
distances according to the relative abundance of the species in each
plot. We calculated the DCC and DCE immediate pre-fire by averag-
ing the distances of the 3years before the fire (DC3_pre: immediate
pre-fire distance to core; DE3_pre: immediate pre-fire distance to
the edge), the DCC and DCE immediate post-fire by averaging the
distances of the 3years after the fire (DC3_post: immediate post-
fire distance to core; DE3_post: immediate post-fire distance to the
edge), and the DCC and DCE midterm pre-fire by averaging the dis-
tances of the 10years before the fire (DC10_pre: midterm pre-fire
distance to core; DE10_pre: midterm pre-fire distance to edge).

To evaluate the influence of the specific climatic niche edges, we
calculated the distance from each plot to the dry and moist edges
of the climatic niche of their dominant species (P. halepensis or P.
nigra). We first divided the two-dimensional PCA-derived climatic
space into four quadrants based on the climatic niche centroid.
Considering the distribution of temperature and precipitation vari-
ables in each PCA axis, we identified the quadrants representing dry,
moist and intermediate climatic conditions. The dry and moist niche
limits were defined as the species' niche limit sections comprised in
the dry and moist quadrants, respectively (Appendix S1: Figures S2
and S3). These edge definitions allowed us to compute, for each
studied plot and time period (10years before fire, 3years before fire
and 3years after fire), the Euclidean distance to the nearest dry and
moist edge of the dominant species niche. Finally, we grouped plots
into two categories (dry and moist) according to which niche edge
they were closest.

2.6 | Assessing resilience based on ecological
dynamic regimes

To evaluate the resilience to fire of the forest types assessed here,
we applied the methodological framework developed by Sanchez-
Pinillos et al. (Sdnchez-Pinillos et al., 2023, 2024), which is based
on EDRs. Overall, the assessment of resilience following the EDR
framework comprises three steps: (1) definition of the EDRs of the
systems of interest; (2) computation of a representative trajectory
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passing by the densest regions of each EDR; and (3) calculation of
the indices of amplitude, recovery and net change that permit com-
paring the disturbed trajectories with the representative trajectory

of the corresponding EDR (Sanchez-Pinillos et al., 2024).

2.6.1 | Definition of ecological dynamic regimes

We defined a distinct EDR for P. halepensis and P. nigra dominated
forests using all the SFNI plots within each region of the study
area that were classified as one of these two forest types (see
Section 2.4, Table S1) and in which there was no evidence of dis-
turbances, including fires and silvicultural practices. The EDRs
of each forest type were defined as a set of undisturbed trajec-
tories classified as P. halepensis or P. nigra forests in at least one
out of the three trajectory states (i.e. SFNI surveys). Each EDR
was composed of 1321 (P. halepensis in Murcia), 2048 (P. halepen-
sis in Catalonia) and 1446 trajectories (P. nigra in Catalonia), each
with two or three states depending on the data availability. In the
EDR we considered species other than P. nigra and P. halepensis
(Appendix S1: Table S1) and states with other forest types (forests
dominated by Q. faginea, Q. ilex, Q. suber, P. pinea or P. sylvestris)
(Appendix S1: Figure S4).

2.6.2 | Computation of representative trajectories

To generate the representative trajectories of each EDR
(Figure 1a), we first required a dissimilarity matrix of the differ-
ent plots and surveys. Employing DBH as a structural variable
and BA as a measure of abundance, we reshaped forest plot data
from individual trees into a stratified form to calculate cumulative
abundance profiles (De Caceres, 2012) and to build a new matrix
for each plot survey. These matrices were used to calculate the
dissimilarity matrices using an adapted version of the Bray-Curtis
metric (De Caceres et al., 2013), thus obtaining the state dissimi-
larity matrix.

Then, we calculated a set of representative trajectories by ap-
plying the RETRA-EDR (Representative Trajectories in Ecological
Dynamic Regimes) algorithm Sanchez-Pinillos et al. (2023) on the re-
sulting dissimilarity matrix. For that, we used the R package ‘ecore-
gime’ (Sanchez-Pinillos et al., 2023, 2024) using 5% of the number
of states in each EDR to define the minimum number of trajectory
segments to be represented by each segment of the resulting repre-
sentative trajectories.

In some cases, we identified more than one representative tra-
jectory per EDR. In these cases, we evaluated each trajectory and
selected the most suitable one based on the statistics returned by
RETRA-EDR, such as the size of each representative trajectory, the
number of partitions associated with each representative segment
(i.e. kdTree depth), and the length of artificial links (see Sanchez-
Pinillos et al., 2023 for details).
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2.6.3 | Amplitude, recovery and net change

Finally, we evaluated forest resilience by analysing their dynamic
responses to fire by calculating three complementary indices: am-
plitude, recovery and net change (Figure 1b), which quantitatively
assess the dissimilarities of the different states of the disturbed
plots to the representative trajectory (Sanchez-Pinillos et al., 2024).
Within the EDR framework, these indices allow capturing the natu-
ral fluctuations of the system and, therefore, better characterize the
ecological resilience.

Amplitude represents how much the disturbance moves the af-
fected plots away from (or towards) the representative trajectory,
relative to the position of the pre-disturbance state (i.e. SNFI 2)
(Sanchez-Pinillos et al., 2024). So,

Amplitude = dygr — dypy

where dLRT is the dissimilarity between the pre-disturbed state (i.e.
SNFI 2) and the representative trajectory, dz,RT is the dissimilarity
between the disturbed state (i.e. SNFI 3) and the representative
trajectory (Figure 1b). In our study, dl,RT and dZ,RT were calculated
as the dissimilarity of the pre-disturbed and disturbed state to their
nearest state in the representative trajectory. Therefore, based on
the dissimilarity metric that we used, amplitude ranges between -1
and 1, indicating that the system goes further (positive values) or
closer (negative values) to one of the states in the representative tra-
jectory. Negative amplitude values indicating that the disturbance
moves the system closer to the representative trajectory may occur
in forests affected by selective disturbances impacting specific com-
ponents of the system (e.g. pests, pathogens or thinning); however,
we do not expect to observe negative amplitude values in forests
affected by severe fires. Positive and high values of amplitude (close
to 1) could be understood as a lack of resistance of the system to re-
main within the dynamic regime during the disturbance. Importantly,
this index refers to the deviation of the system (positive or negative)
with respect to a representative trajectory and must not be con-
fused with the resistance index proposed in the EDR framework to
quantify the direct effects of the disturbance on the state variables
(Sanchez-Pinillos et al., 2024).

Recovery indicates how the last assessed post-disturbance state
(SNFI 4) has changed relative to the position of the disturbed state
(SNFI 3) in relation to the representative trajectory. Therefore, it
measures the ability of the disturbed plots to become closer to the

representative trajectory (Sanchez-Pinillos et al., 2024). So,
Recovery = d, gt — d3grt

where d3,RT in our study was calculated as the dissimilarity between
the post-disturbance state (i.e. SNFI 4) and the nearest state of the rep-
resentative trajectory (Figure 1b). Recovery ranges from -1 (the trajec-
tory is becoming farther from the nearest state of the representative
trajectory after the disturbance) to 1 (the trajectory is becoming closer
to one of the states of the representative trajectory), with O indicating

no recovery after the disturbance.
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Net Change indicates how the last assessed post-disturbance
state (SNFI 4) has changed relative to the position of the pre-
disturbance state (SNFI 2) in relation to the representative trajectory
(Figure 1b; Sanchez-Pinillos et al., 2024). So,

Net Change = d3pr — dq gt

Net change ranges from -1 (the trajectory is becoming closer to one
of the states of the representative trajectory) to 1 (the trajectory is
becoming farther to the states of the representative trajectory), with
0 indicating that the post-disturbance state remains at the same dis-
tance to a state of the representative trajectory than it was before
being disturbed, regardless of the identity of the nearest states of the
pre-disturbance and post-disturbance states.

Although amplitude, recovery and net change can appear related
to other indices previously defined to assess engineering resilience
based on a pre-disturbance state (e.g. resistance, recovery and resil-
ience, respectively, in Lloret et al., 2011), they cannot be confused
since they refer to a dynamic regime in which a representative tra-

jectory is recognized.

2.6.4 | Definition of resilience failure

In this study, we considered a potential failure in forest resilience when
net change values were greater than 0.25. Then, we determined the
pattern behind resilience failure in each case: (i) low recovery of the
tree community, when recovery was observed (i.e. recovery >0) but
the rate was so low that the net change was high (>0.25); (ii) forest
shift, when the initial forest state (SNFI2) changed to a different for-
est category based on tree species dominance in the post-disturbance
state (SNFI4); or (iii) change to shrubland, when tree species did not
recover and there was only the presence of shrub coverage in the post-
disturbance state (according to the values obtained from SNFI 4). The
net change value of 0.25 was arbitrarily chosen to establish a threshold
to study potential causes of resilience failure; it is important, however,
to note that our dataset did not allow us to discard the recovery of the

system on longer temporal scales than considered here.

2.7 | Fire severity and environmental variables

Fire severity was calculated from Landsat-based fire severity maps
using the Google Earth Engine (GEE) platform following Parks
et al. (2018). As described in Alvarez et al. (2024), we applied the rel-
ativized delta normalized burn ratio (RANBR) (Miller & Thode, 2007),
that analyses the vegetation state before and after fire with satel-
lite images, using the mean compositing approach, where all cloud-
free pixels from September to October for the year previous to
the fire and the year of the fire are stacked and the mean value for
each pixel over the stack is used to compute fire severity. When
September-October images were not available, we expanded the
period to November. For each burned plot, we calculated the clos-
est geographical distance to unburned forests of the same forest

type using their distribution areas as defined in the Forest Map of
Spain (MFE50) (1997-2006) and also considering unburned forest
areas within fire polygons. We used RANBR because it incorporates
pre-fire vegetation characteristics through the use of pre-fire NBR
values, and is not too sensitive to spatial variation in vegetation
type, structure and canopy cover, an essential property for hetero-
geneous Mediterranean landscapes (Botella-Martinez & Fernandez-
Manso, 2017; Miller & Thode, 2007; Parks et al., 2014).

The rest of explanatory variables considered in our analysis in-
cluded the following: fire ID and years since fire, calculated from the
fire year and the SNFI3 and SNFI4 sampling year; plot exposure mea-
sured as solar radiation, as obtained from CHELSA (Karger et al., 2017);
and plot rockiness, as provided by the SNFI database (Ministerio para

la Transicién Ecolégica y el Reto Demografico, 2024).

2.8 | Statistical analysis

We performed linear mixed models (LMM) to assess the relationships
between the resilience indices of amplitude, recovery and net change
(dependent variables), and the weighted distances in climatic niche
space (DCC and DCE), fire severity (RANBR), years since fire, distance
to unburned forest, rockiness and exposure (srad) as explanatory vari-
ables. Fire ID was included as a random effect within the models.

Models were performed, both with and without interactions, sepa-
rately by each forest type. The final model for each resilience index and
forest type was selected based on the ecological significance of the
variables refined through stepwise selection method, using the Akaike
information criterion (AIC) and their R? (marginal and conditional)
values (Appendix S1: Tables S2-54). In addition, we tested the resid-
uals to analyse the quality of the models using the DHARMa package
(Hartig & Hartig, 2022), which performs different analyses such as the
Kolmogorov-Smirnov uniformity test, dispersion test, outlier test and
graphical analyses like Q-Q plot residuals and nonparametric disper-
sion tests via the standard deviation of residuals fitted vs. simulated, to
assess whether the residuals of the model follow a normal distribution.

In addition, we performed the Wilcoxon rank-sum test to explore
the relationships between the resilience indices (amplitude, recov-
ery and net change) and the plots' distances to the dry and moist
climatic niche edges for both P. halepensis and P. nigra, considering
the three pre- and post-fire periods (10years before and 3years be-
fore and after fire). This allowed us to assess whether resilience to
fire (amplitude, recovery and net change) varies between the dry and
moist portions of the climatic niche.

All statistical analyses were performed in R version 4.2.2 (R Core
Team, 2022).

3 | RESULTS

Fires, as expected, pushed most of the affected forests away
from their representative successional trajectory (Figures 2a
and 3, Appendix S1: Figures S5-S7), as indicated by the mostly
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positive amplitude values. No significant differences in amplitude
were observed between forest types (P. halepensis and P. nigra)
or between regions for a given forest type (P. halepensis forests
in Murcia and Catalonia). Amplitude values ranged between
0.758+0.305 (meanz+standard deviation) for P. halepensis
in Murcia, 0.721+0.295 for P. halepensis in Catalonia and
0.761+0.269 for P. nigra in Catalonia. By contrast, significant
differences appeared in the recovery ability of the burned forests,
contingent on species and study region (Figure 3). In Murcia, the
most arid region, P. halepensis plots exhibited low, but positive,
recovery after fire (mean value=0.248+0.15 SD), with only
37.3% of them moving back towards the representative trajectory
after being disturbed (recovery >0). In Catalonia, P. halepensis
forests showed significantly higher values of recovery (mean
value=0.371+0.366 SD) and, despite the high variability, 80.3%
of plots moved back towards the representative trajectory after
fire. Recovery in P. nigra forests in Catalonia was also positive
but low (mean value=0.125+0.287 SD), with 57.4% of the plots
approaching the representative trajectory after the fire. Finally,
the net ecosystem change induced by fire was significantly
different between forest types and regions (Figure 3). The P.
halepensis forests in Catalonia exhibited significantly lower, yet
positive, values of net change (mean value=0.35+0.339 SD)
compared with P. halepensis in Murcia (mean value=0.633 +0.369

FIGURE 3 Comparison of the values of
resilience indices (amplitude, recovery and
net change) between forests dominated
by Pinus halepensis in Catalonia, P.
halepensis in Murcia, and P. nigra in 05-
Catalonia. Boxes' lower and upper hinges
show the 25%-75% percentile range, and
boxes' horizontal lines correspond to the
median value for each resilience metric.
Asterisk indicates significant differences
(p<0.001) between P. halepensis forests
in Catalonia and the other forest types 05-
(Tukey's test).

o
- ee o
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SD) and P. nigra in Catalonia (mean value=0.61+0.342 SD).
Therefore, despite forest types in the study regions exhibiting
similar deviations from the representative trajectory due to fire
(i.e. no significant differences in amplitude), P. halepensis forests in
Catalonia showed the smallest deviations from the representative
trajectory at the post-disturbance state (SFNI4) in relation to the
pre-disturbance state (SFNI2) (Figure 3).

We found a potential failure of resilience (net change values
>0.25) in a high number of plots (48.7% of P. halepensis in Catalonia,
77.6% of P. halepensis in Murcia and 80% of P. nigra in Catalonia), the
change from forest to shrubland being the main cause of resilience
failure (Figure 3; Table 1). Additionally, 31.3% of the P. nigra burned
forests did not return to the representative trajectory but transi-
tioned to forests dominated by oaks (Q. ilex and Q. faginea; Table 1;
Appendix S1: Figure S7). In Catalonia, post-fire shifts of burned P.
halepensis forests to other forest types were also observed, rep-
resenting 15.8% of the burned plots, largely due to oak's increase
(Table 1; Appendix S1: Figure S6).

Explanatory models indicated that pre- and post-fire climate
conditions typified through the climatic niche, together with fire se-
verity, were significantly related to forest resilience to fire (Figure 4).
The midterm distance to the niche edge describing pre-fire climatic
conditions (mean of 10years window) appeared significant in most
of the models, regardless of forest type. Other explanatory variables

s FOREST TYPE

&

I E Pinus nigra (Catalonia)

E Pinus halepensis (Catalonia)

I Pinus halepensis (Murcia)

Recévery Net C'hange

TABLE 1 Comparison of the responses of the burned plots of Pinus halepensis and P. nigra in Catalonia and Murcia.

Causes of potential resilience failure (Net

change >0.25)
Dominant No. of SNFI Burned SNFI Net change Forest
species Region plots plots Recovery >0 >0.25 Low recovery shift To shrub
Pinus nigra Catalonia 2654 115 66 (57.4%) 92 (80%) 7 (6.1%) 36 49 (42.6%)
(31.3%)
Pinus halepensis Catalonia 4859 76 61 (80.3%) 37 (48.7%) 10 (13.2%) 12 15 (19.7%)
(15.8%)
Pinus halepensis Murcia 948 67 25 (37.3%) 52 (77.6%) 10 (14.9%) 0 (0%) 42 (62.7%)

Note: The total number of Spanish National Forest Inventory plots (SNFI) and the number of burned plots per species and region is shown. We
consider that plots return to the representative trajectory when their recovery shows positive values (Figure 3). We consider that values higher than
25% of net change (>0.25) indicate potential resilience failure associated with low recovery rates of the tree community, forest shifts or changes to
shrubland. Proportions in parenthesis refer to the number of burned plots per species and region.
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FIGURE 4 Estimated linear mixed model coefficients (95% confidence intervals) for the resilience metrics amplitude, recovery and net
change, as a function of climatic, fire and environmental variables and the interactions between them (DE3_pre: immediate pre-fire distance
to the climatic niche edge; DE3_post: immediate post-fire distance to the climatic niche edge; DE10_pre: midterm pre-fire distance to
climatic niche edge) for: (a) Pinus halepensis in Murcia, (b) Pinus halepensis in Catalonia and (c) Pinus nigra in Catalonia.
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had a significant effect on forest resilience metrics in univariate
models (Appendix S1: Tables S12, S13 and S16), including terrain
exposure (p-value <0.02) and distance to unburned forests (p-
value <0.01), although they were not significant in the final models
(Figure 4).

Fire severity had a significant and positive relationship with am-
plitude in all forest types (Figure 4). Its interaction with midterm
or immediate distance to the niche edge before the fire (DE10_pre
and DE3_pre, respectively) also showed a significant effect on am-
plitude: P. halepensis in Murcia (DE10_pre:severity, p-value <0.001),
P. halepensis in Catalonia (DE3_pre:severity, p-value <0.01) and P.
nigra in Catalonia (DE10_pre:severity, p-value <0.02). At low fire
severities, the plots closer to the climatic niche edge showed less
amplitude than the plots closer to the niche core, while at high fire
severities the amplitude is high regardless of the distance to niche
edge (Figure 5, Appendix S1: Figure S8).

For recovery, we found a significant interaction of fire severity
with DE10_pre for P. halepensis (p-value <0.03) and P. nigra (p-value
<0.001) in Catalonia. At low fire severities, the recovery is higher
near the niche core than the niche edge in the P. nigra forest types
(Figures S9), but P. halepensis recovery remains constant at low levels
(Figure 5). At high fire severities, P. halepensis forests showed lower
recovery close to the niche core than to the niche edge, whereas P.
nigra recovery remains constant at low levels regardless of the dis-
tance to the niche edge (Appendix S1: Figure S9).

Fire severity had a significant and positive relationship with net
change in all forest types (Figure 4). We only found a significant in-
fluence of the interaction between fire severity and pre- and post-
fire conditions for the net change of P. halepensis forests in Catalonia.
At low fire severities and considering midterm pre-fire conditions
(DE10_pre), net change was higher close to the niche edge than to the
niche core, whereas at high fire severities net change was lower close
to the niche edge than to the niche core (Figure 5). When considering
immediate pre- and post-fire conditions (DE3_pre and DE3_post, re-
spectively), we observed reversed effects of severity on net change
(Figure S10); net change was lower close to the niche edge than the
niche core at low severities and it was higher close to the niche core
than to the niche edge at high fire severities. Finally, the net change
of P. nigra and P. halepensis in Catalonia was negatively related to the
length of the recovery period (i.e. the years since fire), although this
relationship was only significant for P. halepensis forests.

We observed consistent differences between moist and dry
climatic niche edges across resilience indices, especially for P.
halepensis (Table 2). For P. halepensis, amplitude was significantly
higher closer to the dry edge of the climatic niche compared with
the moist edge, when considering the conditions both before and
after fire (Table 2, Figure S11). Recovery was significantly higher
closer to the moist edge in P. halepensis, considering the conditions
before and after fire (Table 2, Figure S11). In contrast, net change
showed the opposite pattern to recovery, with higher values closer
to the dry edge of the niche (Table 2, Figure S11). For P. nigra, the
relationships were weaker and only associated with recovery and
net change, and suggested differential effects of pre- and post-fire
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climate conditions (Table 2, Figure S12). Recovery was slightly higher
closer to the dry edge, when considering only the climatic conditions
after fire. Conversely, net change was higher closer to the moist
edge when considering the climatic conditions before fire, while the
opposite relationship was observed when considering the post-fire
period (Table 2, Figure S12).

4 | DISCUSSION

Over 50% of the burned forests showed low post-fire resilience in
terms of a high degree of net ecosystem change within the study
period, regardless of species recovery strategy and study region
(Table 1). The main cause of potential resilience failure was a shift
from forest to shrubland, dominated mainly by Salvia rosmarinus (L.)
Schleid. and Quercus coccifera L. (by Cistus clusii Dunal also in Murcia)
(according to SNFI4 data, Ministerio para la Transicion Ecolégica y
el Reto Demografico, 2024), especially for forest located close to
the dry edge of the species' climatic niche. Shifts to other forest
types, mostly with abundance of Quercus sp. pl., were also important
in burned P. nigra forests. However, the observed resilience failure
may not necessarily imply permanent state changes, as they may en-
compass slow tree recovery rates relative to the surveyed period, or
transitional turnover in tree species composition. Additionally, we
found significant differences in the factors related to the amplitude,
recovery capacity and net change in response to fire severity, con-
tingent on species climatic requirements and study region. Overall,
our study shows that the integration of climatic niche characteriza-
tion with the EDR framework provides valuable information for as-
sessing and quantifying the post-fire resilience of forest ecosystems
in relation to climatic variability.

The EDR framework (Sanchez-Pinillos et al., 2023, 2024) allowed
us to assess the post-fire resilience of different forest types fires
considering their dynamics. Using representative trajectories in-
stead of particular pre-disturbance states as reference allowed us
to account for the successional changes of the system, and to deter-
mine whether burned forests remained relatively close to the refer-
ence trajectory of its dynamic regime (indicating resilience; 29.8% of
the plots with net change <0.25) or failed to return to it (indicating
lack of resilience; 70.2% of the plots with net change >0.25). It is
important to note, however, that our analyses were limited by the
availability of long-term data. The SNFI inventories covered up to
25years after fire (mean value=17.23+2.42 SD), and such a rela-
tively short time span very likely contributed to the observed re-
silience failure (high net change values). Besides, we defined forest
dynamic regimes from the dominance of tree species instead of con-
sidering similarities also including shrub species. As such, the post-
disturbance plots dominated by shrublands could actually belong to
the forest dynamic regimes. Thus, despite the observed changes in
species composition after fire, additional assessments are needed
to confirm whether those correspond to low resilience rates (based
on amplitude, recovery and net change) or to shifts into alternative
dynamic regimes.
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FIGURE 5 Effect of the interaction between fire severity (RANBR) and distance to the climatic niche edge immediate pre-fire (DE3_pre)
and midterm pre-fire (DE10_pre) in relation to amplitude, recovery and net change values in forests dominated by Pinus halepensis in
Catalonia. (DE3_pre: immediate pre-fire distance to the edge; DE10_pre: midterm pre-fire distance to edge).
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TABLE 2 Mean+standard deviation of resilience metrics (amplitude, recovery and net change) in relation to the distance to moist and dry
climatic niche edges for Pinus halepensis and Pinus nigra, across three periods relative to fire (10years before, 3years before, and 3years after

fire).
Pinus halepensis Pinus nigra
Moist Dry p-value Moist Dry p-value
10 yr_pre Amplitude 0.69+0,32 0.76 £0.29 0.043* — — —
Recovery 0.39+0.34 0.18+0.31 0.002** — - —
Net change 0.3+0.3 0.58+0.38 <0.0001*** - - —
3yr_pre Amplitude 0.69+0.31 0.77+0.29 0.03* 0.84+0.12 0.72+0.31 0.08
Recovery 0.38+0.34 0.18+0.32 0.003** 0.11+0.25 0.17+0.3 0.103
Net change 0.31+0.32 0.58+0.38 <0.0001*** 0.73+0.26 0.55+0.37 0.009**
3 yr_post Amplitude 0.7+0.31 0.76+0.29 0.033* 0.73+0.3 0.8+0.23 0.368
Recovery 0.39+0.34 0.17+0.31 0.0006*** 0.18+0.3 0.12+0.28 0.023*
Net change 0.31+0.31 0.6+0.38 <0.0001*** 0.55+0.35 0.68+0.33 0.022*

Note: Differences between moist and dry niche positions were assessed using Wilcoxon rank-sum tests, and associated p-values are reported.
Significance levels: *p <0.05; **p<0.01; ***p <0.001. In the case of P. nigra during the 10yr_pre period, all plots were closest to the dry niche edge;

therefore, differences between moist and dry regions could not be assessed.

Populations' climatic marginality in niche space before and after
the fire, and its interaction with fire severity, strongly modulated
post-fire resilience patterns. This reinforces the idea that the climatic
niche framework in conjunction with disturbance attributes can im-
prove our understanding of ecosystem resilience (Elvira et al., 2021,
2025). Importantly, the specific influence of pre- and post-fire cli-
matic marginality on forest resilience is related to the ecological and
biological characteristics of the involved species. Still, the midterm
pre-fire climate (10years window before fire) exerted, overall, the
strongest influence on the resilience capacity of the species under
study. This is consistent with the fact that post-fire recruitment of
seeder species, which depends on seed availability, highly depends
on pre-fire weather conditions suitable for reproductive success
(Nolan et al., 2021; Ooi et al., 2014). Additionally, while it is evident
from previous studies that post-fire resilience is influenced by cli-
matic conditions (e.g. Besnard et al., 2019; Hao et al., 2022), our as-
sessment highlights that, for a given forest type, specific responses to
fires also depend on species composition and the position of burned
populations within the tree community-level climatic niche (Figure 4).

Despite the supposed inherent resilience of many Mediterranean
forests, our study demonstrated that fires often hinder or prevent
their midterm recovery. Our assessment shows that fire severity is
significantly related to lower values of recovery and higher values of
ecosystem amplitude and net change, and therefore, it determines
low resilience overall (Figure 4). This is in line with previous studies
indicating the importance of fire severity in constraining post-fire
recovery of Mediterranean forests (Fernandez-Garcia et al., 2019;
Gonzalez-De Vega et al., 2018; Pausas et al., 2002; Viana-Soto
et al., 2017) due to its effects on biological remnants (i.e. seed and
bud banks) or in soil properties determining water and nutrient
uptake (Fernandez-Garcia et al.,, 2020). The negative influence of
fire severity on forest resilience together with the reported trends
of increased fire intensity and severity in the study area (Alvarez
et al.,, 2024), raises concerns about the resilience capacity of

Mediterranean pinewoods under climate change. In addition to se-
verity, the relationship between other fire regime components such
as fire frequency and position in climatic niche space merits further
consideration in future assessments. The interactions between pre-
and post-disturbance climate and fire severity (Figure 4) observed
for most resilience metrics further highlight the importance of these
compound effect of climatic and disturbance regime on resilience,
consistent with findings from other studies (Batllori et al., 2019;
Blanco-Rodriguez et al., 2023; Elvira et al., 2021).

4.1 | Pinus halepensis

Our study shows high levels of variability in the resilience of P.
halepensis, particularly when comparing regions with different cli-
matic conditions such as Catalonia and Murcia, in agreement with
previous studies reporting its diverse post-fire performance across
its distribution range (Pausas et al., 2004). Recovery rates appear
significantly higher in Catalonia, likely due to the moister climatic
conditions there (De Las Heras et al., 2008), as opposed to the very
low or null recovery in the arid conditions of Murcia.

In Murcia, located at the arid limit of the species' climatic niche
(Figure 2), most burned P. halepensis forests (77.6%) did not recover
well after fire, as indicated by the high net change between pre- and
post-fire forests. Although, 37.3% of the sites exhibited recovery
towards the EDR, the slow rates of ecosystem response, combined
with an expected increase in the frequency of fires in the region, can
compromise the future resilience of these forests. This is especially
relevant for a seeder species such as P. halepensis whose success-
ful regeneration depends on the seed bank stored in the serotinous
cones. If severe crown fires occur too frequently, trees may not reach
reproductive maturity and may not replenish their seed reserves, ul-
timately impairing post-fire regeneration (Espelta et al., 2008). Fire
severity and pre-fire conditions indicative of populations' marginality
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in niche space appear as the most significant factors influencing the
lack of resilience in terms of lower recovery and higher net change.
Indeed, regardless of the displacement of the ecosystem state in-
duced by fire (i.e. amplitude), populations located far from the dry
edge and thus nearer to the climatic optimum (less arid conditions),
exhibited better recovery capacity and lower net change.

In Catalonia, the post-fire dynamics of P. halepensis forests are
more complex. Around 48.7% of burned sites also exhibited changes
to shrubland, tree species turnover or low recovery rate (Table 1). This
outcome is unexpected in a region where this fire-adapted species
is generally assumed to recover well (Fernandes et al., 2008), so we
cannot rule out that longer post-disturbance periods could potentially
reduce the observed net change values. But, contrary to our expec-
tations, we found that plots closer to the niche edge than to the core
(in terms of midterm pre-fire climate) exhibited higher recovery rates
under high fire severities. However, such marginal populations ex-
hibiting a high recovery rate in the early post-fire stages are in fact
close to the moist edge of the climatic niche—with moister conditions
than the niche core—where climate may better support the post-
fire recovery of seeding species (Baudena et al., 2020; De Las Heras
et al., 2008; Elvira et al., 2021). At low fire severities, however, the
recovery rate remains constant regardless of the plots' position within
the climatic niche space. Low fire severity can leave structural and
biotic remnants, such as the remains of living trees and shrubs, that
may impede the recovery of P. halepensis due to competition (Sardans
et al., 2005). Our results also show that the time span of the climate
variability before fire emerges as a relevant factor to understand P.
halepensis resilience. Lower net change values were found for pop-
ulations close to the moist edge when considering midterm pre-fire
conditions (10years before the fire) and under high fire severity. By
contrast, when considering the immediate pre-fire conditions (3years
before the fire), the net change was higher (i.e. lower resilience) near
the moist edge. These results agree with those reported by De las
Heras et al. (2008), that observed that along an aridity gradient, pop-
ulations located in the more humid zones had a greater number of
reproductive trees and higher pine cone production, while in drier
zones, trees showed higher levels of serotiny and smaller develop-
ment (i.e. less growth). Therefore, populations historically located in
moister areas may have more reproductive individuals and thus higher
seed production, although drier conditions shortly before fire could
promote cone serotiny, thus enhancing post-fire regeneration through
increased seed rain after fire. However, this mechanism may fail under
extreme drought conditions before fire, when the seed bank of serot-
inous cones may be reduced, due to premature cone opening (Espelta
et al., 2011) or to lower seed production (Martin-Sanz et al., 2017).

Overall, we observed that net ecosystem change greatly varies
depending on the pre- and post-fire climate variability, emphasizing
that the sequence of climatic events, that is drought conditions, in
relation to fire plays a significant role in Mediterranean ecosystems
resilience (Batllori et al., 2019). Whereas the net change was lower
when midterm pre-fire conditions were close to the moist climatic
niche edge, resilience was also enhanced when post-fire climate
(3years window) was near the niche core (i.e. far from the moist

edge). In addition of the supposedly higher adequacy of the core cli-
matic conditions for the species regeneration, this response could
also be reinforced by the increased competition that P. halepensis
likely face from other tree species in more humid areas. Indeed, in
spite of the overall resilient performance of burned P. halepensis for-
ests in Catalonia, 15.8% of them shifted towards forests dominated
by Quercus sp. pl. after fire; this occurred especially in plots located
near the moist edge of the niche.

Despite the observed significant relationships between P. halep-
ensis resilience and climatic conditions in conjunction with fire se-
verity, the low R-square values of the resilience models for Catalonia
(amplitude: 0.26; recovery: 0.10; net change: 0.37) indicate that
other factors not included in our analysis, such as the interactions
with other species (e.g. in the understorey) or post-fire management
(Pausas, 2004), may also be important in modulating the post-fire

resilience of this species.

4.2 | Pinus nigra

In general, we found that P. nigra in Catalonia did not recover
well after fires, in line with previous studies (Morales-Molino
et al., 2017; Ordédiiez et al., 2004; Retana et al., 2002). This was
especially evident in areas affected by high-severity fires, where
P. nigra regeneration was rarely successful, whereas its recovery
appears enhanced in areas affected by low-intensity fires, pre-
dominantly near the climatic niche core (Figure 4, Appendix S1:
Figure S7). This also concurs with the ability of this species to
survive low-intensity surface fires (Fulé et al., 2008) thanks to
the protection provided by its wide bark (Espinosa et al., 2020).
In areas where P. nigra recovered after fire, it likely faced strong
competition from species of the genus Quercus (Q. faginea and
Q. ilex, mainly), which tended to dominate the resulting post-fire
communities at the time span considered in this study (Table 1;
Appendix S1: Figure S5). These ecosystem dynamics highlight the
higher competitive ability of resprouting Quercus species, such as
Q. faginea, Q. pubescens and the hybrid Q. subpyrenaica. over P.
nigra after fires (Sanchez-Pinillos et al., 2018).

Counterintuitively, we found that topographic exposure, partic-
ularly higher dryness levels in more exposed areas (i.e. south facing
slopes), relates positively with post-fire recovery and negatively with
net change in burned P. nigra forests in Catalonia (Figure 4), where
water availability is not too low, as reflected by the population's po-
sition in the species climatic niche (Figure 2d). These physical drivers
associated with water availability likely reflect competitive interac-
tions. Areas with less topographic exposure (i.e. north facing slopes)
have more humidity and may be more favourable for the regrowth
of Quercus sp. pl. trees. The observed dynamics could also be related
to the greater shade-intolerance of pines compared with their oak
competitors. This pattern is in line with Martin-Alcén and Coll (2016)
that observed that post-fire regeneration in P. nigra forests was con-

tingent on the topographic aspect: areas facing to the north (less
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exposed) were dominated by Quercus sp. pl. tree regeneration, while
those oriented to the east and west were dominated by P. nigra.

In fire-sensitive species such as P. nigra, the presence of un-
burned forest patches after the fire appears key for its regenera-
tion. Although in our study the distance to unburned forest was
not significant in the recovery model for this species (Figure 4), it
should certainly play a role in forest resilience in fires where no seed
sources are left inside the burned area. Indeed, when analysing the
significance of each explanatory variable individually (Appendix S1:
Table S4), the recovery of this pine appears significantly and nega-
tively related to the distance to unburned areas, from where seeds
arrive (Christopoulou et al., 2014; Martin-Alcén & Coll, 2016).

Overall, although longer recovery periods are necessary to defi-
nitely determine forest resilience to fires, our results showed the
difficulties that areas burned at high fire severities have to become
forests dominated by P. nigra again (Morales-Molino et al., 2017).
Therefore, forests dominated by this pine species could confront a
more critical situation than other Mediterranean forests, especially
under the contemporary context of frequent, extreme fires (Duane
et al., 2021).

5 | CONCLUSION

Our analysis exposes factors related to post-fire resilience in
Mediterranean pines with different fire adaptations. Specifically,
this study contributes to a better understanding of the effect of cli-
mate variability on post-fire resilience in the Mediterranean forests
of Pinus halepensis and Pinus nigra in the Iberian Peninsula, based on
a new vision that integrates the concepts of EDRs and the temporal
characterization of the species climate niche. Our approach dem-
onstrates that the climatic conditions both before and after fire are
key to understanding forest resilience under a dynamic ecological
perspective. The centrality-marginality effect in the climatic niche
space partially explains variations in fire resilience: higher resilience
near the core and lower resilience, especially at the dry edge of the
climatic niche. As such, the climatic characterization of the edge of
species' climatic niches emerges as a critical factor to understand the
influence of pre- and post-fire climate variability. We also underline
the relevance of the biology and ecology of each species to inter-
pret their resilience, as in the case of P. halepensis, a seeder species
adapted to fire, and P. nigra, a species sensitive to crown fire. Overall,
we uncover how climate change (translated into climatic marginality
in niche space) and the increase in fire severity can jeopardize the

future of Mediterranean pine forests.
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Table S1. Species observed in the studied forests, sorted by their
relative abundance.

Table S2. Comparison of AIC and marginal and conditional R? values
(Rzm and RZC, respectively) for models selected using the stepwise
method for Pinus halepensis in Murcia. The values corresponding to
the final selected model are highlighted in bold.

Table S3. Comparison of AIC and marginal and conditional R? values
(R2m and RZC, respectively) for models selected using the stepwise
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method for Pinus halepensis in Catalonia. The values corresponding
to the final selected model are highlighted in bold.

Table S4. Comparison of AIC and marginal and conditional R? values
(R2m and RZC, respectively) for models selected using the stepwise
method for Pinus nigra in Catalonia. The values corresponding to the
final selected model are highlighted in bold.

Table S5. Results of multivariant linear mixed model for resilience
metric of amplitude for Pinus halepensis in Murcia.

Table S6. Results of multivariant linear mixed model for resilience
metric of recovery for Pinus halepensis in Murcia.

Table S7. Results of multivariant linear mixed model for resilience
metric of net change for Pinus halepensis in Murcia.

Table S8. Results of multivariant linear mixed model for resilience
metric of amplitude for Pinus halepensis in Catalonia.

Table S9. Results of multivariant linear mixed model for resilience
metric of recovery for Pinus halepensis in Catalonia.

Table S10. Results of multivariant linear mixed model for resilience
metric of net change for Pinus halepensis in Catalonia.

Table S11. Results of multivariant linear mixed model for resilience
metric of amplitude for Pinus nigra in Catalonia.

Table S12. Results of multivariant linear mixed model for resilience
metric of recovery for Pinus nigra in Catalonia.

Table S13. Results of multivariant linear mixed model for resilience
metric of net change for Pinus nigra in Catalonia.

Table S14. Results of univariant linear mixed model for resilience
metrics of amplitude (A), recovery (R) and net change (NC) for Pinus
halepensis in Murcia.

Table S15. Results of univariant linear mixed model for resilience
metrics of amplitude (A), recovery (R) and net change (NC) for Pinus
halepensis in Catalonia.

Table S16. Results of univariant linear mixed model for resilience
metrics of amplitude (A), recovery (R) and net change (NC) for Pinus
nigra in Catalonia.

Figure S1. Correlation circle obtained from PCA from the
fifteen selected climate variables. Where biol (mean annual air
temperature), bio4 (temperature seasonality), bio5 (mean daily
maximum air temperature of the warmest month), bio6 (mean
daily minimum air temperature of the coldest month), bio10 (mean
daily mean air temperatures of the warmest quarter), biol1 (mean
daily mean air temperatures of the coldest quarter), bio12 (annual
precipitation amount), bio13 (precipitation amount of the wettest
month), biol4 (precipitation amount of the driest month), biol5
(precipitation seasonality), biol6 (mean monthly precipitation
amount of the wettest quarter), biol7 (mean monthly precipitation
amount of the driest quarter), biol8 (mean monthly precipitation
amount of the warmest quarter), PET (potential evapotranspiration),
and VPD (vapour pressure deficit).

Figure S2. Climatic niche edges for Pinus halepensis within the two-
dimensional PCA-derived climatic space. The centroid of the species'
climatic niche (intersection of dashed lines) was used to define four
quadrants corresponding to distinct climatic conditions. Based on
the distribution of precipitation and temperature along both axes,
the upper-left and lower-right quadrants were identified as moist
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and dry regions, respectively. Within these, the niche edges were
defined as the 5% lowest occurrence density values, representing
the dry edge (orange) and the moist edge (blue). Grey points indicate
intermediate conditions.

Figure S3. Figure S2. Climatic niche edges for Pinus nigra within the
two-dimensional PCA-derived climatic space. The centroid of the
species' climatic niche (intersection of dashed lines) was used to
define four quadrants corresponding to distinct climatic conditions.
Based on the distribution of precipitation and temperature along
both axes, the upper-left and lower-right quadrants were identified
as moist and dry regions, respectively. Within these, the niche
edges were defined as the 5% lowest occurrence density values,
representing the dry edge (orange) and the moist edge (blue). Grey
points indicate intermediate conditions.

Figure S4. Forests types included in EDRs for each region.

Figure S5. Ecological dynamical regime (EDR) based on the
representative trajectory (blue) and burned trajectories (red) of Pinus
halepensis forests in Murcia. In grey, the successional trajectories of
non-disturbed forests of P. halepensis, from which the representative
trajectory is calculated (above). Forest type between states along
the successional trajectories. Blueish dots represent pine forests
and brownish dots represents oak forests (below).

Figure Sé6. Ecological dynamical regime (EDR) based on the
representative trajectory (blue) and burned trajectories (red) of
Pinus halepensis forests in Catalonia. In grey, the successional
trajectories of non-disturbed forests of P. halepensis, from which
the representative trajectory is calculated (top panel). Forest type
between states along the successional trajectories. Blueish dots
represent pine forests and brownish dots represent oak forests
(bottom panel). See Figure S2 for species names and distribution in
the study areas.

Figure S7. Ecological dynamical regime (EDR) based on the
representative trajectory (blue) and burned trajectories (red) of
Pinus nigra forests in Catalonia. In grey, the successional trajectories
of non-disturbed forests of P. nigra, from which the representative
trajectory is calculated (top panel). Forest type between states along
the successional trajectories. Blueish dots represent pine forests
and brownish dots represent oak forests (bottom panel). See Figure

S2 for species names and distribution in the study areas.

Figure S8. Effect of the interaction between fire severity (Severity)
and climatic niche distance to the edge midterm pre-fire (DE10_pre)
in relation to amplitude in forests dominated by Pinus halepensis in
Murcia.

Figure S9. Effect of the interaction between fire severity (Severity)
and climatic niche distance to the edge midterm pre-fire (DE10_pre)
in relation to amplitude and recovery in forests dominated by Pinus
nigra in Catalonia.

Figure S10. Effect of the interaction between fire severity (Severity)
and climatic niche distance to the edge immediate pre-fire (DE3_pre)
and immediate post-fire (DE3_post) in relation to net change in
forests dominated by Pinus halepensis in Catalonia.

Figure S11. Comparison of the values of resilience indices
(amplitude, recovery, and net change) between Pinus halepensis
forests located on the dry or moist edges of the climatic niche in
three different periods (10years before fire, 3years before fire and
3years after fire). Boxes' lower and upper hinges show the 25%-75%
percentile range, and boxes' horizontal lines correspond to median
value for each resilience metric. Differences between dry and moist
edge plots were tested using the Wilcoxon rank-sum test, and are
considered significant when p <0.05.

Figure S12. Comparison of the values of resilience indices (amplitude,
recovery, and net change) between Pinus nigra forests located on
the dry or moist edges of the climatic niche in two different periods
(3years before fire and 3years after fire). Boxes' lower and upper
hinges show the 25%-75% percentile range, and boxes' horizontal
lines correspond to median value for each resilience metric.
Differences between dry- and moist-edge plots were tested using
the Wilcoxon rank-sum test, and are considered significant when
p<0.05.
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